ABSTRACT Leptotrombidium pallidum (Nagoya, Miyagawa, Mitamura & Tamiya) is a primary vector of Orientia tsutsugamushi (Hyashi), the causative agent of scrub typhus. An assessment is made of the repellency to L. pallidum larvae (chiggers) of cassia bark, eucalyptus, and star anise oils and major constituents (E)-cinnamaldehyde, 1,8-cineole, and (E)-anethole of the corresponding oils. Results were compared with those of conventional repellents DEET (N,N-diethyl-3-methylbenzamide), IR3535 [(ethyl 3-[acetyl(butyl) (RT 50 ) was signiÞcantly more pronounced in DEET (RT 50 , 323 min) than in all essential oils and constituents (108 Ð167 min). In the light of global efforts to reduce the level of highly toxic synthetic repellents, the three essential oils and their major constituents described merit further study as potential biorepellents for the control of L. pallidum populations.
Of 40 species of trombiculid mites reported in South Korea, Leptotrombidium pallidum (Nagayo, Miyagawa, Mitamura & Tamiya) is one of the most serious haematophagous ectoparasites because of the widespread distribution and abundance, especially in rural areas (Seong et al. 2001 , Lee et al. 2009 ). The mite species is a primary vector of the bacterium Orientia tsutsugamushi (Hyashi), the causative agent of scrub typhus (chigger-borne rickettsiosis) in Korea, Japan, China, Thailand, and other East Asian countries (Strickman 2001 , Kelly et al. 2009 ). Clinical presentation can vary from mild to fatal disease, with variable mortality rates to be in the range 1Ð 60% (Rozendaal 1997 , Kelly et al. 2002 . Approximately one million cases of scrub typhus occur every year and more than one billion people may be at risk worldwide (Rosenberg 1997 , Watt et al. 2000 . Since 2004, the annual number of cases of scrub typhus greatly increased to Ͼ4,500 in South Korea (Anonymous 2012a) . The ecology and medical importance of L. pallidum have been described by Ree (2005) .
Repellents can be effective tools for protecting individuals from mite bites and mite-borne diseases (Gupta and Rutledge 1994) because L. pallidum larvae (chiggers) live in microhabitats called mite-islands missed by many commercially available acaricides. The most widely used repellent products are currently based on N,N-diethyl-3-methylbenzamide (DEET) (Frances 2007) , which continues to be an effective compound. In South Korea, there are no approved repellents toward L. pallidum chiggers, although DEET and permethrin products in various formulations are used as mosquito repellents (Anonymous 2012b) . However, occasional toxic effects of DEET have been reported that include central nervous system depression, urticaria, contact dermatitis, or potential encephalopathic toxicity (Katz et al. 2008, Sudakin and Trevathan 2009) . Accordingly, there is a critical need for the development of safer new repellents and repellent formulations.
Biorepellents derived from plant essential oils have been suggested as potential alternatives for trombiculid mite control largely because they constitute a po- tential source of bioactive chemicals that have been perceived by the general public as relatively safe and with less risk to the environment, and with minimal impacts to animal and human health (Curtis et al. 1990 , Isman 2006 , Moore et al. 2007 , Koul et al. 2008 ). In addition, essential oils are widely available with some being relatively inexpensive compared with plant extracts (Isman 2006) . These potential new mite repellents can be applied to clothing in the same manner as conventional repellents. Much effort has been focused on them as potential sources of commercial mite repellents, in part, because certain essential oils and their constituents meet the criteria of minimum-risk pesticides (Isman 2008 , Koul et al. 2008 In the current study, an assessment is made of the potential of cassia bark, eucalyptus, and star anise oils, as well as major constituents (E)-cinnamaldehyde, 1,8-cineole, and (E)-anethole of the corresponding oils toward L. pallidum chiggers. The repellencies of these materials were compared with those of currently available repellents DEET, amino]propanoate), and permethrin to assess their use as future commercial trombiculid mite repellents.
Materials and Methods
Materials. Cassia bark, eucalyptus, and star anise oils were purchased from Berjé (BloomÞeld, NJ). Acaricidal or insecticidal constituents of the cassia bark, eucalyptus, and star anise oils were reported to be (E)-cinnamaldehyde (93.6%) ), 1,8-cineole (90%) (Yang et al. 2004) , and (E)-anethole (70.6%) (Kim 2011) , respectively. These pure organic compounds were purchased from SigmaÐAldrich (St. Louis, MO). Three different commercial repellents DEET [97% active ingredient (AI), IR3535 (98% AI), and permethrin (cis:trans ϭ 26.7:71.6, 98.3% AI) were purchased from SigmaÐAldrich.
Chigger Mite. Striped Þeld mice, Apodemus agrarius Pallas, were collected from Mt. Myeongseong (N 38Њ 9Ј3.85Љ, E 127Њ 19Ј20.73Љ) (Cheolwon, Gwangwon, South Korea) from early April to late June 2010 using 1440 Sherman live traps (7.6 ϫ 8.9 ϫ 22.9 cm) (Tallahassee, FL) containing two saltine crackers with peanut butter as a bait. The mice were immediately transported to an insect rearing room (National Institute of Health). The mice were euthanized and hung individually over a 1-liter beaker Þlled to a depth of 1 cm with tap water for chigger harvesting. Plastic containers (7 ϫ 5 cm) containing the chiggers were held in a bio-safety cabinet at 28 Ϯ 2ЊC and 60 Ϯ 5% relative humidity (RH) under a photoperiod 12:12 (L:D) h cycle. After each repellent test, species identiÞcation based on morphological keys (Ree 1990 ) under a microscope (ϫ400) revealed that the chiggers tested belonged to L. pallidum.
Cotton-Fabric Circle Bioassay. Test oils and constituents were evaluated using the method of Jo et al. (2008) with a slight modiÞcation. Every bioassay was conducted from 16:00 Ð23:00 hours. Based on the preliminary test results, 4 Ð5 concentrations of the test materials, each in 100 l of ethanol, were applied with pipettes to a 1 cm-wide space (repellent zone, RZ) between 2.5-cm diameter outer circle and 1.5-cm diameter inner circle (active zone, AZ) drawn in center of the 700 mesh white cotton-fabric circles (10 cm in diameter) (Fig. 1) . DEET, IR3535, and permethrin served as positive controls and were similarly prepared. Negative controls consisted of 100 l of ethanol. After drying in a fume hood for 2 min, each fabric circle was placed onto the bottom section of a glass container. Groups of 10 active chiggers were separately placed onto the AZ of the cloth for 5 min. The number of chiggers in the AZ of the cloth at the end of this period was counted and the chiggers were recorded as Ôrepelled.Õ Residual duration of repellency of all materials as a second measure of repellency was investigated as stated above. Based on the preliminary test results, 30 mg/cm 2 (a concentration showing 100% repellency) of each essential oil, major constituent, and DEET in 100 l of ethanol was applied as stated above. Repellency tests for IR3535 and permethrin were not conducted because Ͼ30 mg/cm 2 of these repellents caused mortality of the chiggers. After the treated fabrics were air-dried for 60, 120, 180, 240, 300, 360, 420, 480, 540 , and 600 min, groups of 10 active chiggers were placed onto the AZ of the cloth for each drying time treatment. After the one 5-min cycle was completed, new chiggers were introduced. The number of chiggers repelled was counted as stated above. Fig. 1 . A cotton-fabric circle (10-cm diameter) for repellency test of the test material toward Leptotrombidium pallidum chiggers. The circle consisted of a 1 cm-wide circular space, the RZ, located between 2.5-cm diameter outer circle and 1.5-cm diameter inner circle (active zone, AZ). Each test material was applied with pipettes to RZ.
Treated and control (ethanol only) chiggers were held at the same conditions as those used for colony maintenance. Because all bioassays could not be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared compound solutions were used for each block of bioassays (Robertson and Preisler 1992) . All treatments were replicated Þve times using 10 chiggers per replicate.
Climbing Distance Bioassay. The climbing distance of L. pallidum chiggers after treatment with each oil, constituent, and repellent was examined by the method of Lerdthusnee et al. (2003) with a slight modiÞcation. The procedure is based on the propensity for chiggers to climb upwards. Tests were conducted in 7 ϫ 20 cm glass cylinders with their upper side opened. A plastic Q-tip (1 cm long cotton bud and 10 cm long shaft) was used as the substrate for the test material (Fig. 2) . There was a 1-cm diameter hole at 2 cm upwards from the bottom section of the cylinder for placing a chigger at the Q-tip. Lines were drawn around the perimeter of the cylinder as scales at every 1 cm upwards as shown in Fig. 2 . Varying concentrations (0.01Ð10%) of each test material in 100 l of ethanol were applied with pipettes to the cotton bud and allowed to dry in the air for 2 min. A single chigger was placed at the base of the Q-tip through a hole of cylinder. The longest climbing distance of the chigger for 5 min was observed. Each test was replicated 30 times using a new chigger each time.
Data Analysis. The repellent index (RI) was calculated according to the formula: % RI ϭ [(Ta Ð Tb)/ Ta] ϫ 100, where Ta is number of chiggers in the AZ and Tb is number of chiggers that moved out of the RZ (Jo et al. 2008) . The climbing distance ratio (CDR) was calculated according to the formula: % CDR ϭ (Md/Td) ϫ 100, where M d is a value of the longest climbing distance of each chigger on the plastic shaft and T d is a value of total shaft length (10 cm). The median repellent concentration (RC 50 ), the median residual duration of repellency (RT 50 ), and the median climbing distance-disturbing concentration (CC 50 ) were determined using RI, duration time (min) of repellency, and CDR, respectively (SAS Institute 2004). The RC 50 , RT 50 , and CC 50 values for the treatments were considered to be signiÞcantly different from one another when their 95% CL failed to overlap. The relative repellent concentration ratio (RRCR) was calculated according to the formula: RRCR ϭ RC 50 of DEET/RC 50 of each test material. The relative repellent duration ratio (RRDR) was determined according to the formula: RRDR ϭ RT 50 of each test material/RT 50 of DEET. The relative climbing distance-disturbing concentration ratio (RCCR) was calculated according to the formula: RCCR ϭ CC 50 of IR3535/CC 50 of each test material. Means (ϮSE) of untransformed data are reported.
Results

Repellency of Test Materials. Based on RC 50 values, (E)-cinnamaldehyde (0.95 mg/cm
2 ) was most pronounced in chigger repellency and was 4.1, 20.2, and 24 times more potent at repelling the chiggers than DEET, IR3535, and permethrin, respectively (Table  1) . High repellency was also observed with (E)-anethole and cassia bark oil and these materials were Ϸ2.6 times more potent at repelling the chiggers than DEET. The repellency of star anise oil, 1,8-cineole, and DEET (RC 50 , 2.85Ð3.85 mg/cm 2 ) did not differ signiÞcantly from each other. Eucalyptus oil exhibited signiÞcantly higher repellency than either IR3535 or permethrin.
Residual Duration of Repellency of Test Materials. The residual duration of repellency of all materials to L. pallidum chiggers was likewise compared (Table 2). As judged by RT 50 values, DEET (323 min) exhibited the longest duration of repellency. The three essential oils and their major constituents (RT 50 , 108 Ð167 min) were signiÞcantly less pronounced in the residual duration of repellency than DEET.
Climbing Distance of Chiggers by Treatment with Test Materials. Based on CC 50 values, (E)-cinnamaldehyde was the most effective compound, followed by (E)-anethole and cassia bark oil (Table 3) . These compounds were 43.4, 16.3, and 11.4 times greater movement than IR3535 (CC 50 , 6.51%), respectively. High repellency was also observed with 1,8-cineole and star anise oil. The repellency of these materials was 7.7 and 4.0 times more pronounced than that of IR3535. The repellency of eucalyptus oil and IR3535 did not differ signiÞcantly from each other. Eucalyptus oil exhibited signiÞcantly greater movement than either DEET or permethrin.
Discussion
Many plant extracts and essential oils manifest repellency toward different biting arthropods (Curtis et al. 1990 , Schreck 1995 , Mehlhorn et al. 2005 , Isman 2006 . However, very little information exists in relation to the repellency of plant preparations to trombiculid mites compared with mosquito species. In this test, the chigger mites tested were identiÞed after each repellent test and all identiÞed chigger mites were L. pallidum. Lee et al. (2009) reported all chigger mites collected from the same areas in 2006 were L. pallidum and rodent infestation rates for L. pallidum among collected chigger mite species were highest. The present lab study clearly indicates that cassia bark and star anise oils and their major constituents (E)-cinnamaldehyde and (E)-anethole have the potential for repellency to L. pallidum chiggers on the basis of data on RC 50 and CC 50 of the materials. The repellency of the materials exhibited signiÞcantly more potent repellency than either DEET, IR3535, or permethrin. This original Þnd-ing indicates that the essential oils and their major constituents described may hold promise for the development of novel and effective repellent products toward L. pallidum chiggers. To do this, it would be necessary to establish human or animal model system to test the real repellency from host.
Investigations on physicochemical and physiological characteristics of biorepellents provide important practical information for trombiculid mite control, such as the most appropriate formulations and delivery means to be adopted for their future commercialization . Volatile compounds of most essential oils consist of alkanes, alcohols, aldehydes, and terpenoids (particularly monoterpenoids) (Lawless 2002) and some are insect repellents , Isman 2006 . Because of their high volatility, essential oils and their constituents usually are effective toward arthropods only for a relatively short period, typically Ͻ1 h (Rozendaal 1997 , Fradin and day 2002 , Isman 2006 . At 0.20 mg/cm 2 , Zanthoxylum piperitum (L.) de Candolle pericarp oil treatments resulted in 91 and 68% repellency after 30 and 60 min exposures toward stable ßy, Stomoxys calcitrans (L.), respectively, while DEET gave 100 and 84% repellency (Hieu et al. 2010) . A concentration of 10% Rhododendron tomentosum Harmaja oil diluted in acetone had 95% repellency toward Ixodes ricinus (L.) nymphs, which is an activity comparable to that of DEET (Jaenson et al. 2005) . However available information on repellency toward L. pallidum chiggers is limited.
In the current study, three essential oils and major oil constituents examined had a signiÞcantly shorter residual duration time of repellency than DEET toward L. pallidum chiggers. The differences in repellency noted may be attributed to the differences in the quantitative losses because of the differential volatility of the essential oil-derived materials and DEET as reported previously (Hieu et al. 2010) ; although other factors may be important. Hieu et al. (2010) studied the repellency to stable ßy of Z. piperitum oil, Zanthoxylum armatum DC oil, and their constituents alone or in combination with Calophyllum inophyllum L. oil, as well as six aerosol formulations containing Z. piperitum oil or Z. armatum oil and C. inophyllum oil using an exposed human hand bioassay. They reported that an increase in effectiveness and duration of repellency was produced by binary mixtures of the oil or bioactive constituents and C. inophyllum oil and that the repellency of aerosols containing 2.5% Z. piperitum oil or 2.5% Z. armatum oil and 2.5% C. inophyllum oil was comparable to that of 5% DEET aerosol. Mixtures formulated from the test essential oils or the bioactive constituents described and other oils or phytochemicals could be useful as potential repellents for the control of L. pallidum chiggers.
In conclusion, cassia bark or star anise oil products containing (E)-cinnamaldehyde or (E)-anethole could be useful as repellents for protecting humans from bites and nuisance caused by L. pallidum chiggers. For the practical use of the test essential oilderived products as novel chigger repellents to proceed, further research is needed to test real repellency using human or animal models and to establish their safety in relation to human health, the environment, and mode of repellency. Essential oils are commonly used as fragrances and ßavoring agents for foods, beverages, and cosmetics (Lawless 2002) and are generally regarded as safe. In addition, mixture formulations for improving repellency potency and stability need to be developed. 
